Objectives: Patterns of growth following highly active antiretroviral therapy (HAART) administration among children are not well defined. The objective of this study was to determine rates and predictors of growth reconstitution among children on HAART.
development, and poor nutrient status weakens the immune system and decreases the likelihood of survival [7, 8] . Growth faltering has been reported in up to 50% of untreated HIV-1-infected children in resource-limited settings.
Highly active antiretroviral therapy (HAART) suppresses viral replication and results in immune recovery and growth reconstitution in HIV-1-infected children. Although HAART improves growth in pediatric HIV-1, the pattern and determinants of growth reconstitution following HAART are not well defined. In the US, HIV-1-infected children generally achieve normal weight-forage Z-scores (WAZ) within a year of HAART initiation and experience improvement in height-for-age Z-scores (HAZ) by 2 years [6, 9] . In Africa, baseline WAZ and HAZ in untreated HIV-1-infected children are substantially lower (typically with Z-scores <À2 which is <2nd percentile) than reported in US/European cohorts (Z-scores >À0.5, or >30th percentile) [10] [11] [12] [13] [14] .
Whereas HAART may improve growth by decreasing metabolic expenditures and improving nutrient absorption, side-effects of HAART could adversely affect growth [15] . Moreover, benefits of HAART on subsequent catch-up growth may vary based on age at initiation, severity of disease, and HIV-1 viral load [6, [16] [17] [18] [19] . Few studies have focused on growth reconstitution following HAART among children with undernutrition. Although it is plausible that malnutrition may alter the effectiveness of HAART, marked improvements in growth have been shown following HAART in Africa [10, 11] . In pediatric HIV-1 treatment programs in Africa, empiric food supplementation is widespread [20] despite limited evidence that it provides additional benefit to HAART in growth reconstitution.
It is important to define rate and determinants of catch-up growth following HAART in order to maximize longterm growth in children and to provide accurate estimates for anticipated growth reconstitution for clinicians and parents. We determined rates and predictors of growth reconstitution in a large pediatric HIV-1 treatment program in Nairobi, Kenya.
Methods

Study population and sample
Data are from HIV-1-infected children enrolled at the Coptic Hope Centers for Infectious Diseases in Nairobi, Kenya who initiated HAART between January 2004 and March 2008. Clinic protocols have been described elsewhere [21] . Children were included in the analysis if they were antiretroviral-naive at clinic enrollment, below 10 years of age, and eligible to initiate HAART per Kenyan national guidelines. Specifically, children were eligible to initiate HAART if World Health Organization (WHO) clinical stage above 2 or CD4 cell counts/ percents were below age-related WHO criteria if in an earlier WHO clinical stage of disease [22] . The University of Washington Institutional Review Board and Kenyatta National Hospital Ethical Review Committee approved the use of clinic data for this study.
Data collection
At enrollment, information was collected from caregivers on sociodemographic and clinical characteristics. Physical examination was conducted, including measurement of weight and height or recumbent length if below 24 months of age. Follow-up visits occurred at least every 3 months, at which time information on weight, height, morbidity, nutritional supplementation, and clinical data were collected. CD4 cell counts were assessed at enrollment and every 6 months thereafter. Z-scores were used to standardize anthropometric measurements. The Z-score quantifies how many standard deviations (SDs) a child's anthropometric value is from the mean (Z-score ¼ 0, or 50th percentile) value of a child of the same age and sex in a reference population. The 2006 WHO reference population [23] was used to calculate WAZ, HAZ and weightfor-height (WHZ) Z-scores.
Data analyses
For analyses the cohort was divided into three age groups (<3, 3-5, 6-10 years) at HAART initiation. Comparisons between age at HAART initiation and baseline characteristics were made using the Pearson x 2 test for categorical variables and the Kruskal-Wallis test for continuous variables. WAZ, HAZ and WHZ profiles were plotted based on age group at HAART initiation.
Kaplan-Meier survival curves and Cox proportional hazards regression models were used to compare time to catch-up growth to at least the population mean (Z-score !0) by age at 12 months post-HAART initiation. Logistic regression was used to assess the relationship between cohort characteristics and growth failure (Z-score <À2) prior to HAART. Linear mixed-effects models with random intercepts and slopes for time were constructed to assess the rate of change in growth in HIV-1-infected children after HAART initiation and to determine predictors of growth reconstitution. The trajectory of growth was measured by the change in WAZ, HAZ, and WHZ, after adjusting for baseline WAZ, HAZ or WHZ, covariates significantly associated with growth in univariate analyses or those associated with growth based on a priori assumptions. Timeindependent baseline characteristics, time-varying covariates (food supplements and multivitamins), and a timedependent variable (months on HAART) were examined for their effect on growth following HAART.
Secondary analyses were conducted to assess the effect of nutritional supplementation on growth following HAART. Statistical analyses were conducted using SPSS
Results
Cohort characteristics
Between January 2004 and March 2008, 173 HIV-1infected children initiated HAART (Table 1) . At enrollment, the median age was 4.7 years [interquartile range (IQR) 2.4, 7.0], 42% of children were classified as WHO clinical stage 3 or 4, and 62% of children had CD4 cell counts below normal for age. Median baseline WAZ, HAZ, and WHZ were all below average and nearly half (48%) of children were underweight (WAZ <À2), 48% were stunted (HAZ <À2), and 25% wasted (WHZ <À2).
Median WAZ and WHZ at baseline were significantly lower among children below 3 years followed by children 6-10 and 3-5 years (WAZ: À2.2 vs. À2.1 vs. À1.5, P ¼ 0.03; WHZ: À1.6 vs. À1.0 vs. À0.6, P ¼ 0.006, respectively). At HAART initiation, there were no statistically significant differences in median HAZ or CD4 cell count by age.
The median time to HAART initiation was 37 days (IQR 25, 64) and median follow-up time was 19 months (IQR 9, 28). During follow-up, 12 (7%) children died and 7 (4%) were lost. There were no significant differences in rates of death or loss to follow-up based on age group at HAART initiation (P > 0.70 for each).
Correlates of growth failure (Z-score <S2) at baseline prior to HAART WHO stage 3 or 4 was associated with 3.19 higher odds of being underweight (WAZ <À2) at baseline [odds ratio (OR) 3.19, 95% confidence interval (CI) 1.68, 6.05; P < 0.01] ( Table 2 ). Children 3-5 years were 74% less likely to be wasted (WHZ <À2) at baseline than those 6-10 years (OR 0.26, 95% CI 0.09, 0.77; P ¼ 0.02).
Changes in weight-for-age Z-score following HAART Low WAZ or being underweight (WAZ <À2) indicates protein-energy malnutrition and/or weight loss. The ability to rapidly gain weight and reach the population average (50th percentile) constitutes catch-up growth in weight. At baseline, 92% of children below 3 years, 84% of 3-5-year-olds and 93% of 6-10-year-olds were below the population average for WAZ (P ¼ 0.19). Following 12 months of HAART, 34% of children below 3 years reached the population average (WAZ ¼ 0) compared to only 21% of children 3-5 and 21% of those 6-10 years (Fig. 1a) . The predicted median time to reach the population average (WAZ ¼ 0) following HAART initiation was 28.5 months. Among children below 3 years, the anticipated median time to reach the population norm was 20.2 months, compared to 33.6 months for children 3-5 years, and 34 months for children 6-10 years at HAART. Using Cox regression to examine the effect of age on catch-up growth, children below 3 years were more likely to achieve the population norm at 12 months post-HAART compared to children 6-10 years, even after adjusting for baseline WAZ (hazard ratio 2.26, 95% CI 0.98, 5.19; P ¼ 0.055).
Overall, the rate of WAZ change was 0.05 SD/month (95% CI 0.03, 0.06; P < 0.001). Univariate predictors of change in WAZ are shown in Table 3 . WHO stage 3 or 4 and low baseline hemoglobin (<9 g/dl) were associated with more rapid improvements in WAZ (P ¼ 0.05 and P ¼ 0.001, respectively). Children below 3 years had a greater rate of change in WAZ compared to 6-10 years (P ¼ 0.001) ( Fig. 2a ). Receipt of food supplements was associated with greater gains in WAZ (P ¼ 0.001).
After adjusting for other predictors of WAZ change (baseline WAZ, WHO stage and hemoglobin), only age remained significantly associated with rate of growth reconstitution (Table 4 , model 1). The average monthly Based on World Health Organization criteria, the following thresholds were considered below normal for age: below 12 months, CD4 cell count below 1500 cells/ml; 12-35 months, CD4 cell count below 750 cells/ml; 36-59 months, CD4 cell count below 350 cells/ ml; and at least 5 years, CD4 cell count below 200 cells/ml [22] . rate of change in WAZ was 0.05 SD (P ¼ 0.001) in children below 3 years, 0.02 SD (P ¼ 0.08) in 3-5-yearolds, and 0.004 SD (P ¼ 0.78) in 6-10-year-olds. In multivariate analysis assessing the impact of nutritional supplements, age and receipt of food supplements were independently associated with a higher rate of increase in monthly WAZ following HAART (Table 4 , model 2).
Changes in weight-for-height Z-score following HAART Low WHZ or wasting (WHZ <À2) indicates a reduction in body fat and muscle, consistent with acute malnutrition. Prior to HAART, 73% of children below 3 years, 69% of 3-5-year-olds, and 68% of children 6-10 years were below the population average for WHZ (P ¼ 0.83). Eighty-seven percent of children 3-5 years and 70% below 3 years reached the population average (WHZ ¼ 0) by 12 months, compared to 36% of children 6-10 years (Fig. 1b ). Following HAART initiation, the median time to population average WHZ was 5.8 months (95% CI 3.5, 7.9). Median time to population norm WHZ was 2.7 months (95% CI 1.3, 6.2) in children 3-5 years and 5.9 months (95% CI 3.2, 10.5) for those below 3 years at HAART. The predicted median time to reaching the population average in children 6-10 years was 16.6 months. Adjusting for baseline WHZ, the rate of reaching the population average WHZ at 12 months was significantly greater in younger (<3 or 3-5 years old) compared to older children (6-10 years) (<3 years: hazard ratio 2.86, 95% CI 1.37, 5.93, P ¼ 0.005; 3-5 years: hazard ratio 3.86, 95% CI 1.92, 7.76, P < 0.001). However, there was no significant difference between children 3-5 years compared to below 3-yearolds (hazard ratio 1.35, 95% CI 0.81, 2.24, P ¼ 0.24).
Overall, the rate of WHZ change was 0.06 SD/month (95% CI 0.04, 0.08, P < 0.001). WHO stage 3 or 4 and hemoglobin (<9 g/dl) were associated with greater improvements in monthly WHZ (P < 0.001 and P ¼ 0.001, respectively) ( Table 3) . Additionally, children below 3 years experienced a greater rate of change in monthly WHZ compared to children 6-10 years old (P ¼ 0.005) (Fig. 2b) . Children receiving food supplements experienced greater monthly gains in WHZ (P ¼ 0.007).
Multivitamins were not associated with a change in WHZ following HAART. In multivariate analysis, younger age (<3 years), WHO stage 3 or 4, and hemoglobin (<9 g/dl) remained independently associated with greater improvements in WHZ (P ¼ 0.01, P ¼ 0.003, and 0.05, respectively) ( Table 4 , model 1). The monthly change in WHZ was 0.06 SD (P < 0.001) in children below 3 years, 0.004 SD (P ¼ 0.76) in 3-5 years, and 0.006 SD (P ¼ 0.73) in 6-10 years. In secondary analyses, the rate of increase in WHZ remained significantly higher in children receiving food supplements compared to children not receiving supplements (P ¼ 0.005) ( Changes in height-for-age Z-score following HAART Low HAZ or stunting (HAZ <À2) indicates a reduced rate of linear growth and represents chronic malnutrition and infections since early childhood or even prebirth. Catch-up growth in height includes rapid gain in height to the population average or 50th percentile. Almost all children had a HAZ below the population norm at baseline (<3 years: 92%; 3-5 years: 95%; 6-10 years: 93%; P ¼ 0.81). By 12 months following HAART, 19% of children below 3 years reached the population average for HAZ (HAZ ¼ 0) compared to 11% of children aged 3-5 years and 6% 6-10 years (Fig. 1c) . The anticipated median time to population average (HAZ ¼ 0) was 62.6 months. Median time to reach the population norm HAZ was predicted to be 35.9 months among children below 3 years, and more than 64 months for older children (3-5 and 6-10 years). The rate of reaching average HAZ by 12 months did not differ significantly based on age at HAART initiation.
The rate of HAZ change was 0.03 SD/month (95% CI 0.02, 0.04; P < 0.001) (Fig. 2c ). Multivitamin use was univariately associated with greater improvements in HAZ (P ¼ 0.008) ( Table 3) , and this association remained after adjustment (P ¼ 0.009) ( Table 4 , model 1). After adjusting for multivitamins, and baseline HAZ and WHO stage, the average monthly rate of change in HAZ was 0.01 SD (P ¼ 0.31) in children below 3 years, 0.02 SD (P ¼ 0.04) in 3-5 years, and 0.02 (P ¼ 0.08) in 6-10 years.
In multivariate analyses assessing the role of nutritional supplements, children reporting multivitamin use had a 0.01 SD/month (P ¼ 0.003) greater increase in HAZ than children not taking multivitamins (Table 4 , model 2). Food supplements, age, and WHO stage were not associated with a significantly different change in HAZ. Changes in CD4 cell count following HAART Following 6 months of HAART, median CD4 cell count increased from 342 cells/ml (IQR 156, 535) to 621 cells/ ml (IQR 342, 857) (P < 0.01) and to 704 cells/ml (IQR 437, 1079) after 12 months of HAART (P < 0.01). The rate of CD4 gain and growth reconstitution were correlated in children below 3 year of age (Spearman's rho 0.48, P < 0.01). However, because CD4 changes following HAART may be within the causal pathway of HAARTeffect on growth, change in CD4 cell count was not included in multivariate analysis.
Discussion
In this cohort of 173 HIV-1-infected children initiating HAART we made several important observations. Following HAART, younger children had a significant and substantially higher rate of return to their population age norms in weight and WHZ than older children. However, gains in height were slower and did not differ significantly based on age. Finally, baseline clinical status and nutritional supplements modified growth reconstitution suggesting a potential role for interventions to improve growth during HAART.
The children in this study experienced marked improvements in catch-up weight gain after HAART comparable to other studies in Africa [6, 10, 11, 14] . We observed a significant difference in the rate of catch-up weight gain in very young children (<3 years) compared to older children (6-10 years). Whereas younger children are expected to grow more rapidly than older children, this does not mean that reconstituting growth to population norms would inevitably be more rapid in younger children. We found that within a year of treatment children below 3 or 3-5 years were two to three-fold more likely to attain normal weight for their age than children 6-10 years old.
There are several mechanisms that may explain our observation of more rapid growth reconstitution in younger children. First, younger children may have sustained less severe intestinal damage due to a shorter duration of HIV-1 disease allowing them to more effectively absorb nutrients after viral suppression [24, 25] .
HIV-1-related compromises in gastrointestinal permeability may result in malabsorption and may be less quickly restored after longer duration of HIV-1 [26, 27] . In addition, longer HIV-1 duration results in chronic systemic immune activation, which may require more time to reverse and thus, exert a more prolonged metabolic cost [28, 29] . Finally, weight reconstitution of older children may be limited by the irreversible height compromise from chronic HIV-1 infection.
Height among all children in this study remained well below average irrespective of age at HAART. Factors influencing catch-up height include the age at onset of illness, age at treatment, bone age, and extent of the height deficit [30] [31] [32] [33] [34] . HIV-1-infected children in US/ European studies have shown height gain to normal values following HAART, with the highest restoration potential in children below 3 years old [6, 35] . However, children in our study had much lower height (2nd percentile) at presentation, compared to 29th percentile in a US study [6] , and were often malnourished. Vitamin D deficiency, poor calcium intake and/or absorption, and advanced disease may contribute to low bone mineral content in HIV-1-infected children [36] [37] [38] [39] [40] . This may be particularly relevant in Africa, where malnutrition further complicates growth reconstitution. We observed that multivitamin use was associated with increases in height gains, which is consistent with studies noting greater bone mineral density following multivitamins [40] . As early childhood is a critical period for bone mineral accrual [30] , early HAART initiation may have the greatest impact on height reconstitution.
We found that advanced WHO clinical stage was associated with significantly greater increases in WHZ.
There are conflicting data on the effect of baseline HIV-1 disease status on growth reconstitution following HAART. Our study is consistent with a US-based study that demonstrated that children with advanced disease stage at HAART initiation had greater improvements in body mass index (BMI) [9] . However, other studies have not shown growth reconstitution to be associated with clinical stage, CD4 cell count, or HIV-1 viral load [6, 9, 15, 35] . In this study, we did not find an association between baseline CD4 cell count and growth reconstitution. Contradictory results may be due to population differences, including age and disease status, growth deficits prior to treatment, underlying nutritional status, and length of follow-up. Greater gains in WHZ among sicker children following HAART may be explained by a higher shift in caloric demands from fighting HIV-1 infection to restoring normal growth regulation.
The importance of nutrition in chronically malnourished regions is recognized and empiric nutritional supplementation has been incorporated in many pediatric HIV treatment programs in Africa. However, benefits of nutritional supplementation on CD4 cell count, viral load, long-term growth and physical function in HIV-1infected children are poorly defined. One study observed higher weight gain 1 month following amino acid-based macronutrient supplements vs. standard nutritional rehabilitation in severely malnourished antiretroviralnaïve Zambian HIV-1-infected children [41] . Systematic reviews have concluded that more evidence regarding macronutrient supplementation is needed [7, 42] . It is plausible that HAART alone would reverse growth compromise given adequate caloric intake. However, our data suggest that among children on HAART, food supplements contributed to additional gains in weight and WHZ, and multivitamins contributed to gains in height, even after adjusting for baseline growth and disease stage. We estimate that below 3-year-olds initiating HAART at clinical stage 3 or 4 and normal hemoglobin with WHZ ¼ À2 and receiving food supplements would reach the population norm in 11 months compared to 1.5 years if not on food supplements. It is also possible that more rapid growth in infancy on HAART may have adverse consequences on obesity or lipid metabolism [43, 44] . Our data emphasize the need to further evaluate nutritional supplementation effects on long-term growth in HIV-1-infected children on HAART.
Our study has several strengths and limitations. We had excellent retention and survival with less than 8% of children being either lost or dying during follow-up. However, children initiating HAART were necessarily survivors and older children are therefore a selected group. Whereas we were able to look at children below 3 years, there were few infants below 1 year who may be expected to have the most durable and rapid benefit from HAART based on our data. However, the population represents a typical pediatric HIV-1 treatment program population. Although we were able to adjust for confounders, viral loads were not available. As data on receipt of food supplements were limited and the availability of food supplements was inconsistent, these results should be interpreted with caution. Additionally, information on the type and dose of multivitamin taken was unknown.
There are few studies of growth reconstitution in resourcelimited settings and emerging literature is often limited to 6-12 months following HAART. Most of these studies have not focused solely on growth reconstitution, but rather on HIV-1 viral load and CD4 cell count. It is important to define rates and establish patterns of growth reconstitution following HAART. These measures, and the role of interrelated factors, can be used to provide estimates for anticipated catch-up growth. It was not expected that younger children would have a higher rate of return to their population norms than older children, particularly since younger children presented with poorer growth. In countries with limited access to virologic monitoring these findings may also be used to help identify children not responding to treatment.
Our data suggest that children starting HAARTat an early age have the greatest weight growth reconstitution and potential to catch-up to the average growth standards of their peers. Linear growth occurred markedly slower and it is unclear whether complete linear catch-up can be achieved. Improvements in growth may help to slow disease progression and reduce pediatric morbidity and HIV-related mortality. Finally, food supplementation and multivitamin use may influence the rate of growth reconstitution following HAART. Complementary to the improved survival observed in the CHER study [45] , these results emphasize the need for early identification and treatment in HIV-1-infected children as a means by which to prevent or restore growth faltering at the same time as improving childhood survival. Furthermore, these results suggest the need for clinical trials to determine optimal nutritional supplementation regimens for improving growth and morbidity in HIV-1-infected children on HAART in resource-limited settings.
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